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THE CHEMISTRY AND PACKAGING OF NANOCOMPOSITE CONFINED ARRAYS

GALEN D. STUCKY
Department of Chemistry, University of California, Santa Barbara, CA 93106

ABSTRACT

The miniansrization of electronic and optic devicet has revolutionized response time, energy loss and
tranmport efficiency. An additional bonus is ta as one approaches the nanoaze regime the presence or
absence ofa few atoms and the geometrical disposition of each atom can sinificatly modify electronic and
photonic propertics. This control can be further supplemented by psckAging" assemblies of atoms or
molecules into thin film or nanocomposiw bulk materil to defin surface smta, cluser environment and
geozetry, intercluster interactions, and consequently, a wide tunable range of optical and charge carrier
resposs.

Thc chemist is presented with an intriguing challenge: First the clusters must be unisized with
identical geometries. Secondly. the atom or molecular assemblies should ideally have perfect periodicity in
order to rigorously define opuielecuonic densities and interc ustr tunnelling. A third requirement is that the
nanocompoeite be processable. generally in the form of thin films or single crystals. Numerous approaches
are being undertaken in achieve these goals, including molecular beats and atomic layer epitaxy, molecular
sieve inclusion chemistry, molecular capping of irganic cluters, porous glass md aerosol synthesis. This
paper presents a brief review of the interface chemistry associated with nanophase confinemrnt and packaging
and some fesm of three dimensional a confinement using molecular sieves and zeolitea.

Introduction
Because of the importance of nusachir chemistry to a wide variety of fields ranging from atm and

electron transport in biological systms, heterogeneous catalysis, phow,.calalysis, to the development of new
electra-optic devices based on quantum confinemenit, tre has b en an explosion of interest in this ata by
scientists from many areas Syntheses of nanoclusters have been carried out in numerous ways to give
unexpectedly different materials with vaied smicairal, optical, and uansport properties. Molecular inorgam,
physical and biochemists have generated nanoclusters by building up arrays from 3olutioa or gas phases atom
by atomll.2.3]. From thk other directions, solid state physicists and engineers have focused on increasingly
smaller aid smaler dimensions with engineering based directly on a solid stale atmic lattice substrites(

4
.51.

The materials chemistry at this molecular and solid ste interface requirs a precise definition of the number
of atoms, their siting (e.g. bulk versus surface), and ultimatey the mnumn in which they we assembled to
form a nanocomposite army. It is for these reaons thet while the convergence of molecular and solid slate
chemistry is near, the somewhat diffuse materials synthesis interface between isolated clusters and the infinite
solid array is only beginning to be resolved.

Current Nanocluster Synthetic Methodologies
Chemists have pushed metal atom clusters to their limits over the put 30 years so that them is the most

detadled information about their synthesis and detailed structires. The largest mea-metalbond nanocluster
which has been synthesized and structutally characterized by single crystal diffraction measurements is
(HNiUPt6(CO) 4$j5 14. In this regime the structures (Figure 1) can be thought of as smal chunks of metal
which are solubilizod by a coang of uigands. Studies of metal nanoclusters beautifully demostrate the fact
that the bonding at the exterior surface of the nanccluster can energetically dominate the ultimate cluster
geometry. For example, the dimensions of these fragments are large enough so that one observes the
hexagonal and cubic cloe packed arrangement of metzl atoms in [Pt26(CO)]

2" Wd Pt3(CO)44VH-j
clusters respectively (72. However, in (Ptls(CO)30]2-, the platinum metal atoms arrange themselves in a
helical array of triangular Pt3 units and in [(pl1(CO)3012 - the metal cluster is a bicapped penutgonal.prism
similar to the geometry reported for certain microcrystalline matei-as such as metal dendrites and whiskers 131.
These geometries are still an unresolved challenge to theoretical chemistry as well as to the development of
useful predictive theories for nucleation phenomena.

The ultimate limit of how far the solution chemist can go in nanocluster synthesis remains to be

Mat. Ras. Soc. Symp. Proc. Vol. 206. 1991 Materials Research Society
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deternined. The above clusters ae in fact relaie4y small, the largest being 7 platinum torns in the longest

Convergence of Molecular and Solid State Chemistry

M(CO)n

[Pt 5(CO)3  
2 "  (Rh13(CO)24 H613 + [ P6 (CO)a2] 2

I(hop)

[Pt 19(C)22]4"  [Pt(CO)44 H12f2 + [HNISPt6(CO)4,]s

(cop)

Figure 1: Structurally charaterized metal atow cluters

dimension (-16 A). Schmid hu s epo afamily of clusters based on the closest packing of atoms to give
.magic" numbers of 13, 55, etc. with the nth shell containing 1(n2 

+ 2 atoms. Examples include
Aus5 (P(Ph)3)12661 (Ph - C6Hj) end Pds6i(phe)3609i0.2o (-26A in diameter with 5 spherical shells, and
phen = phenanthroline)(9

l. Isolation and characterization of a pure phase of the latter has not yet been reported.
Using solution phase reactions, Dunce has created soluble molecular clusters such as IC IoS4(SPh)16

4 "

(Fig. 2) which can be considered as fgragments of the bulk semiconductor latice(tO, 1.121. As molecular
enites these can be isolated and sructurally characterized with the largest structurally characterized cluster
repored 1o date bcig 1Cd17S4 (SPh)2SI*1 "131.This structure forms tetrahedrally coordkited Cd and S aos as
does bulk CdS, however each Cd atom is also bonded to a surface S atom which is pprt of the thiophenol
group. Tus manner of covalent bonding at the surface forms a method for control of cluster aggregation and



gives amnoodisperse sime Notice that theratio of Cd:S in this material imnot 1:1 but 1:2. Tis

Convergence of Moleculair and Solid State Chemistry

ISemiconductors

Acces ion- For
NTIS CRA&I 1

IN t -MDTIC TAB El
Unalnfou:ced

[Od 86(SPh) 1? Justification-

ZFT IB ......... .. ............

V,?,

jCdj7S4(SPh) 2892 Pk5 s(SM28sI"4

Figure 2. Structurally chsaracterized 1I1VI cIusttL M= Za,Cd; E=SSCTe; R=C6 H5
1181,119J,[201

nonstoichiometry is ommonl among small paicle sarncoducuors as will be discussed for GaP included in
zeolites in dhe next section. As illustrated in Figure 2Z one again rfids the possibilities of a variety of
nanocluster geometries. Cheng, Herm and Wangl114 demonstrated dis even very smail clusers such a dhes
have isrgezxg==m nonlinearities: the Dance compound has a nonresonart nonlinearity comparable to diat
of conjugated organic dye molecules and bigger clusters have even lUrger nonlineariues.

The initial work in the are of Uager smel particle semiconductors (to - 100 A) described by Brus and
Steigerwald 115.161 deals with dhe formation of size quantized particles in colloidal solution, their
characterization, and interpretation of this data using both classical molecular orbital theory and some quanum
mechanics. Thiechemistry needed to generate manoclusters is indleedstatc-of-de-ars requiring control of kinetic
paraineer; beyond the limits of diat which have been previously achieved in solution chemiseylill. The goal
is essentially to arrest a runaway reaction which given sufficient starting materials will result in die
generation o(a bulk material. The appropriate cluster size is achieved by competitive reaction chemistry
between core cluster growdh and surface capping which terminates the cluster growth. Kinetic control of the
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average particle size is achieved by adjusting the rate of diffusion, choice of solvent. reaction temperatre.
reacuon time, reagent concentration and the use of microheterogeneous reaction media. Following the

example of Dance, strong coordinating ligands are then used to alxuptly terminae cluster growth(lt
, 19, 2 1.

Analagoua to the ferritin example described below, stabilization can be achieved with an inorganic phosphate
polymer, such a sodium hexametaphosphosphate i(1. The kinetics of the nucleation and passivation

process are fat and in general a typical preparation gives a poly dispersity of± 10% in particle dia
.

neter(1.
2l.

Control of cluster size, stability of clusters toward aggregation, and differentiation of cluster - cluster

interactions from surface or other effects ar drawbacks to colloidal methods.
Theopold and coworkers I12l have devised a synthesis to give small prticle [U-V semiconductors through

what is essentially the hydrolysis of a monomeric asinogallane. The reaction of (C5(CH3)5)Ga-
As(Si(CH3)s)2 with 2 equivalents of t-butmol, shown in Figure 3. yields over several houts small GaAs
particles as evidenced by the shift to longer wavelength in the UV-Vis specmu

CH CH3

CH Cli3 CHS. \ SiCH 3
T \Si

CH3  G;a- A/ CH 3  2 t-butanol
s- ] .CH 3  1P GaAs + 2C5 H5H +2t-BuOSiMe 3

CH5  H CH3

Figure 3. Reactloo of (CS(CH 3 )s)Ga-As(SI(CH 3 )3)2 with t.butanol to form GaAs.

with time. This is the frst example of a solution phase reaction which yields size quantized UI-V
sermconductors. This reaction is not controlled as in the capped clusters, but goes on to form bulk GaAs
through the course of the reacuton. More recently Wells aid Alivisawe have successfully been able to carry out
arrested precipitation reactions to form capped GaAs clusters so that rI-V nanoclussers are accesiblel231.
Other methods to prepare size quamized semiconductors include formation of PbS particles on ethylene-
methairylic acid copilymersl 

24 ) and the formation of glass matrices around colloidai solutions of CdSla ). In
all of these systems, quantum confinement is in three dimensions and the structures are refered to as quantum
dots or boxes.

Another intriguing route, also discussed in this symposium, is the creation of nanoclusters by
biosynthetic related processes. Nature creates quantum confined clusters of CdS in an elegant way by using
short chelating peptides in yeast as part of the biochemicAi mechanism of entrapping heavy meta atoms such
asCd1261. At th- time of their charactenzation, these clusters were found to be more monodisperse than those
which had been prepared chemiclly. Bio- and biinoranic cheinusts have studied nanophase cluster formation
ins variety of other systems, particularly in the iron transport ferntiZ2..

29
1. Femtin consists of a shell of

proteins derived from nucleotides which surround an iron core of up to 4500 iron atoms that is essentially
spherical with diameter of 80 SA. The composition appMoximates closely to (FeOOH)I (ROH2PO4) And the
iron core has a close structural resemblance to fenihydritean iron oxide cluster coordinated with water
(51FZ2O3-9H 2O lOl which contains a close packed array of oxide and OH- ions with iron atoms in octahedr-l
interstices. In this case, the phosphate in ferritin serves the role of exterior surface cluster capping and
passivation.

The basic science revealed by gas phase studies about cluster stability (e.g. the *magic number" shell
model) and surface reactivity ae providing valuable guidelines for nanocluster synthesis in condensed phases.
Recently, gas phase syntheses of GaSAsII 311 and neutral idiun phosphide clustes3

2 1 have been reported.
Silicon clusters such at Si+ 45 and gallium arsenide positive cluster ions contsining up to 60 aoms have been
identified and characterized along with their surface chemistry[

33 .
34

J. In the past there have been no direct
structural determinations or means of stabilizing and accumulating the gas clusters so that the use of gas phase
precursors for nanocomposite synthesis did not exist. The isolation of C60 and Cu in large bulk
quanities

35 .
36

1 is a major breakthough that is now generating research activity comparablb to that seen
previously for high T6 superconducting materials as evidriced by the special session in this symposium.
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Namoclusters ad Nisocomposites
In practice the ultimate goal is to construct a multiplase nanocomposite in order to provide photo and

thermal stability, form unisized clusters of an arbitrary size, control -luster. cluster interactions, skid make
device processing available at a high material yield anO low cost. In order to design and synthesize the
nanocomposite it is n'essay to understand the relationship uetween nanoclusir si'face chemistry and internal
cluster bonding, electronic and sctuiral intercluster coupling, sum and product ptopertien, cominctivity
paerns, periodicity and scaling, Schottky barriow effects, and coupled Van transformations. PackAging the
nanoconflned arrays and controlling these properties is the biggest challenge to the materials scientist.

Undoubtedly the closest overlap between solid stare and solution chemistry synthesis of quantum
confined nanocomposites has been with 2-d quantum well layered sumcmres. Ishihara tnd coworkers have
recently reported the isolation of a natural quantum well system. (RNH3)2PbI4 with RxCIoH 21. In this
structurt, Pb14 2- networks Are separated by the alky chains of the organic cation RNE3 * to give es3ectively
the wells and the potential barriersg371. This material has been carefully studied optically and shows marked
increase in oscillator strength for the 2D exciton gained by confinement to two dimensions (0.7) compared
to that for the 3D exciton in bulk PhI2 crystal (0.017). The emission 3pectrum of the exciton in this system
is extremely sharp at low temperatures so that the coherence length and perfection of this quantum maerial
appear to be excellent. The consequence is a large third order optcal susceptibility, X(), with picosecond or
less response time.

Two dimensional surfaces with monolayer or greater thicknesses and combined in various geometrical
configurations to give quantum wires or l-d quantum confinement are currently the basis for optoelectronic
device. The physicists and enginee's approach to quantum confinement (dots, wires, and layers) has been by
way of molecular beam (MBE) and atomic layer epitaxy (ALE)lsel on an ordered 2-4 lattice substrate to
fabricate ultra thin (monolayer) semiconductor epitaxial layers. Figure 4 shows how carrier confinement is
then achieved by sandwiching the semiconductor layer between two wider.bandgap semiconductor epitaxial
layers or by introducing lateral barrier walls to form quantum boxesW39. 4

0.
4
1 I.. Quaium wires in which

carriers and electronic wave functions have one degree of freedom along an axis can be formed in the MBE
approach by corruption of quantum layers or by lateral sctWring 42

.
43

1. A promising new development is

Alpal..As

GaAsQW [20A, 50A]

Alpat.As 100A
Spacer

G&AsQW 120A, 50A)

AuGaAs QW (20A. SOA.
Apai.A*s (lm,3pmGaAs

Buffer GaAs

0.llrmGaAs
Buffer

Cr- Dped
GaAs (100) I
Substraie Bf

tI

Figure 4. Molecular beam epitaxy derived quantum superlaltices.

the use of the scanning tunnel microscope (STM) as a lithographic tool to create bar.iers on the 10 to 1000
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scake441. Also, epitaxial growth of GaAs on high surface silica has been used to produce size quantized GaAs
p@ le

4
51.

For nanoclusters syn.hesized via solution or gas phase chemistry, the use of capping inorganic and
organic groups which have large stability constants is one viable solution. Spin coating of these capped
clusters or intrinsic polymerization of functionalized organic caps to give thin film structures then provides a
mute to device application. Porous glasses confinement offer less control over the size. shape and cluster -
cluster interactions of semiconductor paricles within their pores. however, the glasse offer the ease of optical
ch.-acterization and the potential for use as thin monoliths i, optical devices. Another approach is an
extension ofthe solid state approach of using 2-d crystalline surfaces for ay organization and def'nitio. By
incorporating the confined arrays vithin a 3-d crystalline surface, i.e. a zeolite or molecular sieve, it is
possible to obtain detailed structural information relevant to internal cluster bonding, surface termination, and
intercluster coupling. In the following discussion two rules of the 3-d surface are emphasized: 1) the
definition of the quantum confinement geometry, and perhaps more importantly. 2) the three dimensional
periodicity which directs the formation of a "supra-molecular" composition arnd the overall quantum
laicl,6,/71.

Inclusion and "4th Dimension" Chemistry
Topologically. molecular sieves and zeolites consist of monolayers of edge shared MO2 tetrahedra. By

using large organic and inorganic templates during synthesis these monolayers interconnect into polyhedral or
tubular configurations to form cages and channels. This is illustrated in Figure 5 for zeolite RHO
(MI 2 Al12Si36 O96, M = monovalent cation). Excluding the exterior interconnecting oxygen atoms the cage
(point group Oh) is defined by 120 framework Si,AI and 0 atoms. To graphically simplify the representation,
the oxygen atoms between the tetrahedral atom sites are generally omnitted as shown in Fig 5b. The stteen
aom ring is then designated by the Wtrahedral atom only as an 'eight'

Figure 5. a) Zeolite RHO cage with 120 framework atoms; b) 3-d surface of
interconnected cages.

ring. The complete zeolite stucture is built up by interconnecting via the six octaher ally located eight
rings of the cages. In this zeolite the void space "outside" the cages has exactly the uime geometry as that
defined by the cages themselves. Every atom in this framework is equally accessible on both sides of the
monolayer surface which defines the cage network. It is in every sense a 3-d surface.

As with the nanoclusters descnbed above, it is not clear what the ultimate cage and channel diameters
might be. At the present time cages and channels which make up molecular sieves such as zeolite Y(14 and
VPI.5491 are known with free rcneters of up to 12 A. The natural mineral cacoxenite possesses 15 A
channels and an 18 A free diam.,er channel (Figure 6) has been proposed 5

Ol so that quantum wires of
indefinite length which are one dimensional or form a 2 or 3 dimensional grid network arc possible. The
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0.72

am 12am tAAM,

Figure 6. 2-d projectloms of the first three members of as Infinite series of 3-d
milecuiar sieve vels, a) corresponds to AIPO.S aud b) to VPI.5 which was first reported
four years after its existence was postulated 150).

quantum confinement is not however determined solely by the crs sectional dimenions of the host channels
since the barriers between the quantum dots are one or two insulating atomic layers thicir. This mesa that
resonant and indirect tunneling is possible by pilonon assisted mechanisms through the overlap of wave
functions of adjacent clusteisit X.52.s.4

Table 1 T CS Shre Moleula g" Composhlam

Oriaps Charge
IV-V Sz 5% 0 11ak

rLN- ANoi P02. 0 AI.PO

111-TV-V A10 - (141%)S CPO 14 9 SAPO

11-N AIOj Si(y 1- Zooka

fIb-V 2- +

n- I I- BRAO

11- .j 1  P02I DP

114Vy Be% ~ GO2  2- BsO

As an example of the manner in which the molecular sieve framework can be usod in naniocomrposite
synthesis, first consider one of the simplest polyhedral cages in zeolite, chemistry, the mmncated octahedron
found in the sodalitestructure (Figure 7). This isin fact,n inorganic isoter of afully satraed C60
Buckmniserfullerene cluster, although slightly Larger because of the longer (-1.6 A) SiAI-O bondts. The
"four dimenstonal character of the chemistry arises from the fact that one can carry out framnework
substitution reoctions within the two dimensional surface and make use of potentially different chemical
reactivities wid geometric topotogies inside and outside the cage.The cage dielectric properties and dimensions
can be varied by the framework substitution shown in Table 1.

The 6 ring windows of the sodalite cage are Large enough to permit the reversible inclusion of ions and
waxer. The ive wtomn cluster (Figure S)is common with compositions such as (B204)3 -Zn 4S 1551, (B204)3 .
Zn3GaP, aid (BeSi04) -Cd4ScIS61. in the sodalite type structures the cage has the samte acentric point group



514

Figure 7. [S12AI 12O36) sodailte Figure 8. Sodalites with M4X Clusters
saad CG# sixty atom polyhedra directly coupled through 6 rings

P.171 of GAP, ice. 43m, mid contains (for example) the tetrahkedral Zn4 fragment which is die
fit-- c,4cdinstion sphere of the sulfur atom in thie bulk US structure. One therefore has an expanded
stqieriautice ofaZ4S molecular clusters (Figure 9). If one uses&a larger anion. Se or Te. at the cente of the
;odalite csee. die Zn matms are forced more towards the ultimate limit of being positioned at the center of the
:a m-4g openings. At that point die system bewomes a expanded semiconduco lattice with all Znom

Figure 9. Za4X Sodallie Lattice Figure 10. Expanded Semicomuctor Lattice with
Metal Atoms is Center of the Six
Rings

equally spaced from all X atoms at the centers of the cages (Figure 10). In dhe structure of (B2 04)3 -Zn 4S A
1.05 A displacment of the zinc atoms is reqired to remove dhe ZogS cluste identity. Some Zn-S and cage to
cage distances rt given below (Table 2) to show how bacluster and intercluster geometry can be varied by
tie open 5rainework surfa z. D is the metal atom dir~.lacemcnt reqired for lons of cluster identity.

Table 2
LAW"

Zn4S B 2.260(, 6.iI 1.05
Zn4S H 2.346(2) 7.03 1.17 B -Boralito -D6 1 2
Zn4S HG 2.345(3) 7.16 1.24 H-Helite-BeS 3 O12
Z 4 e B 2.370(3) 6.66 0.96 HO - Ge~evite - Bc3Ge3 01

The Zn-S distance in bulk is 2.34 A. and in MnSe the distance is 2.45 k. In these stucetures inter
cluster coupling should be large and the band edges fo' die atifide and seinide boraliles ame within 20 not
(blue slulted)of the bulk edge. IThe emission spectra at room temperature at intnse and well defined with
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corresponding excitation spectra which show considerable structure, and a sharp excitation peak at the
absorption edge. In the cue of (BSiO4) * Cd4S an emission exciton peak is also observed at the band edge.

The Ag.X (X -group VII aom) clusters which make up the superiattice of the [Si&602OU sodalite
framework struciure show remarkable structural and spectroscopic transformations as one varies the sodalite
Cagp oCUpuiylS7.18.SS.6DI. At very low loadings the Ag~r is a molecular silver halide unit with a AgBr
internuclear disitance (2.23(5) A for Ag~r in the Na3 7Ag.3 cluster) which is shorter than that reported for gas
phase silver bromide (2.39 A). Due to more extensive covalent bording of AgBr compared to NaBr the
NasAgir aggregate behaves like a slightly perturbed AgBr molecule with nearby Na+ ions. In the fully
tchunged AgtBr sodatlites, Lhe Ag-X (X - Cl. Br. 1) distances ame -8% shorter than in the rock salt bulk
materials. The intriage Ag-Ag distances awe 25% to 12% longer (Cl- to I-) than in the bulk structure.
Adjacent cages can be statistically empti~ and the absorption Lines followed from the a very sharp single line
for the Ag-Br fragment at Low ladings ( similar to the gas puas values of 230 and 320 rn for the Ag~r
monomer) to the Ag1D(3 iKtsaie cliater to the fully loaded and intercag coupled system. The optical
absorption data confirms the irn.eaied tunnecling efficiency and intercage coupling as the distances between
centers of the bt cages decrease it, th. P to Cl- sequence. Another interesting featire is evidence of a
percolation threshold is seen in 2n axt:!x c hange in the unit cell paramemc and Fr-far UR cation tronslaory,
modxes as a functiont of landing.

Theoretical modelling of fte pmaevi weUl and intercluste coupling in the soealite structure by ab initio
calculations are currently in progress at Sauts Barbara in collaboration with Itocia Metiu. If the sadalite
structure is synthesized with NN231 laOil can W soxhlee extracted to give 'empty* cages containing NA3+*
Gradual filling of thes cages wiil iodlurn vssor at tlevated tempeiatures gives a graduii chage in colors (im
pink to dark blue. The citerical stability iparted by the inorganic ftnework is remarkable and the sodium
metal loaded sodalite can be hmaed in water with no deaccable, reaction. The retults clearly demonstrate: the
very strong dependence of absorption bands on the frame'ork electric field and the sensitivity of the energ
levels to small displacements of the Wodum ions.

fo 
0*GaO0 P

Figure ll.Structure and Tom exchange Figure 12.Ga15P13Cluster based
positions of cationa for the Zeolite X on EXAFS and MASNMRt data
structure. The 12-ring opening Into the
supereage Is about 9A, stad the supercage
itself Is 13A in disaeter.

The sodalite cages can be interconnected in several ways to give different cage structure, e g ZWlzte X
has two types of cages available for cluster formation, the smaller 7A sodalite units and the Larger 13 A alpha
cages (Figure 11). There are 5 sites (lX1 ,, 1%I11 which are availabe for cation siting within the sodalite and
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superage. I1.VI and I-VII quantum confined clusters can be synthesized by well understood ion-exchange
methods. followed in the -VI case by eatment with HS or H2 Se. It is important to note that the ion
exchange proces can yield very different siting of ceoons depending on temperatu, pH. solvent vs. melt ion
inclusion. other extra-framework ions, calcination, and loading levels. This process must be systematically
controlled along with the conditions for treatnent with H2S or H2Se in order to obtain matrials which can be
consistently reproduced and which contain moncize clustess. The ion exchange based inclusion chemistry of I-
VII612,65.614.51 clusters have been investigated concentrating on the structural, optical, and
photochemicallS6S l aspects of the cluster.

Suctural studies have been carred out using powder Rierveld X-ray diffraction nethod 16i which have
established cubane like clusters of (CdS) 4 located in the sodalite cages of the structure. Extended X-ray
absorption fine structure (EXAFS) spectroscopy was used to study the coordination sphere of Cd in the
structur and showed that some of sulfur atom sites are occupied by oxygen atoms. These small cubes do no
take advantage of the much larger area available to them in the supetcages in this structure, and it is this
intimate connection with the zeolite framework which probably makes this sructure so stable.

Elemental and binary semiconductor synthesis by gaseous and melt diffusion within the zeolite host is
being explored by a number of research groups, including BogomolovgO., 

7 1.
72] (elemental

semiconductors), Herron. Wang et a1173] (Se), Endo
7 4

,751 Se and Te). Got761 Cie and Pbf2) and
Ozinl

77
-.
7

.
79

) (MoO 3 and W0 3). Ozin and Goto have used careful concentration studies with different
exuaftrework cations in different zolite hosts to successfully demonstrate the fine tuning of optical and
cluster structir which can be achieved with binary cluster synthesis and inclusion.

The advantages of using gas phase diffusion methods for inclusion can be illustrated by the synthesis of
GaP in eolite Y1tol. Atempts to use ion exchange as a route to the formation of 11-V semiconductrs in
zeoliot huneworks resulted in the loss of crystallinity of the material due to the very low pH required to keep
group Ml cations in solution as hydrated cations. Alterat methods of anhydrous niuate and halide melts also
failed to give the desired inclusion products, as did methylene chloride solutions of group III halides as
precurors. The approach which succeeded in synthesizing GaP inside the pore smicture of zeolite Y involves
a metal organic chemical vapor deposition (MOCVD) approach. The reaction of (CH3)3Ga with PH3 is carried
out within the pores of zeolites Na and HY at a seris of temperatures to give small Gap particles which
showed blue shifts in the UV-Vis spectrs and upfield shifts in the solid state NMR; both indicative of size
quantization effect Extended X-ray absorpton fine structare (EXAFS) sctroscopy identified particles which
were -11 A in diameter corresponding to 3 coordination spheres of the bulk structure, as illustrated in Figure
12.

This figure shows a possible cluster zrrangement with either a Ga atom or P atom at the center of the
cluser. In the case of a P atom at the center, the charge on the cluster must be balanced by connection to the
anionic framework or residual methyl groups, but with a Ga atom at the center the charge could be accounted
for by excess proions remaining on the P atoms due to incomplete phosphine dissociation. Synchrotron X-ray
diffraction studies showed long range ordering of the clusters in the supercage, but a high degree of local
disorder within the supescage. This observation supports the EXAFS data for clusters of about the size of the
diameter of the supercage. Both EXAFS and solid state NMR support the model with a Ga atom at the center
of the cluster. The primary concern with all zeolite inclusion materials is the ability to control diffusion
properties so that the cluster dismbuton is homogeneous throughout the lattice. Even more so than for
MOCVD deposition on 2-d substrates, diffusion kinetics must be defined and controlled. This will be the
primary challenge to chemists for the synthesis of all 3-d quantum confined frameworks. regardless of the
synthesis approach which is used.

The existence of polar molecular sieve structures provides access to an additional degree of control of
cluster orientation. In this regard one dimensional polar pore structures are particularly promising for the
aligrment processes required for SHG. A non-centrosymmetc host could cause nanoclusters to dipole align.
i.e. sulfides at one end and zincs at the other as is normally the case for ZnS, rather than a random polar
orientation. This could be of some importance in magnetooptic materials. Non-centronsymmetric mo!eculUr
sieves include ALPO.5[8 I (space group P6cc). ALPO-I 11321 (Oc2m), VPI-SlI31 (P63cm), sodaliteltil (P43n)
andoffirotelhI (P6m2). Variation in host framework charge density or dielectric constant, via Si/A ratio
chges, or the use of other framework atomsltel. can be used to define the relative amounts of guest-host and
guest-guest electrostatic interactions For example, guest dipole molecules interact mom strongly with one
another in a low charge density host than in a high charge density host where gues-host interactions dominate.
In a few charge density hosts, guest aggregation or chain formation should occur and lead to bulk dipole
alignment. The counter ions present in the ,It can also be used to control guest aggregation. Changing the
size of the ions alters the pore size and shape and the local electrostatic fields around the ions.



517

Conclsion:
The understanding and new synthetic approaches to nanocluster synthesis have opened extensive new

vistas for all areas of science. The incorporation of nanoclustes into composite synthesis will reqder the
continued development of highly sophisticated new chemical techniques and molecular engineering. Much
wil depend on tNe ability to utilize and unde-stand the exterior surface chemistry of the ranophaes. The healt
of the field has been demonstrated by rapid progress in opboelectronics and the recent isolation of large new
polyhedral arnoatic clusters. The chemistry of the latter iptroduces a "4th" dimensio to n .nocluster design.
Sinilhr considerations can be used to control cluster geometry and size distribution by the topOgraphy of three
dimensional host surfaces, maling it possible v create sem;.-nnductor qantum superaaices. The use of large
three dimensional ,rfc areas permiLt concentratict stuOiie of cluster interactions over a wide range, and at
relatively high oxical densitr,& It is to be expected tl& . ,v,.., normlly very unstable. nanosized phases can
be synthesized and stabilized vi encapsulation and imcg. :ci with the open polyhedral framework systems
tha we now being developed.
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